In this study the coordination sphere of copper in Cu-SSZ-13 as catalyst for the selective catalytic reduction (SCR) 
analysis, so as to provide Gibbs free energy G values. Copper located in the 8MR appears to be more reactive towards H 2 O and NH 3 adsorption than the one in the 6MR, due to a lower coordination number of copper at 8MR in the absence of adsorbates. Depending on the operating conditions, structures containing adsorbed water and ammonia as ligands at the metal site can simultaneously be stabilized. The most widespread coordination number of Cu 
INTRODUCTION
The emission of nitrogen oxides (NOx) into the earth's atmosphere, produced through the combustion of fossil fuels, is a major concern for today's society. 1 As a result, stricter legislation requires removal of most of NOx emitted from artificial sources. Diesel engine after-treatment systems for passenger cars have to face several challenges regarding the level of emitted nitrogen oxides (NOx) required for the current and upcoming emission regulations (California LEV III, US EPA Tier 3, Euro 6c/6d and Real Driving Emissions legislation) as well as too high NOx concentration levels in certain urban areas. This has led researchers to design and develop new catalysts with a wide temperature range of activity and high selectivity towards N 2 . In particular, Selective Catalytic Reduction with ammonia (NH 3 -SCR)
has emerged as an efficient technology to remove environmentally harmful nitrogen oxides (NOx, x=1,2) from oxygen-rich exhausts, typical of diesel engines, to levels required by emission regulations. [2] [3] [4] NH 3 involved in the SCR process is typically generated via decomposition of aqueous urea solution, and produces N 2 and H 2 O upon reaction with NO x .
Copper-exchanged zeolites and zeotypes are widely used catalysts for NOx removal from mobile sources via NH 3 -SCR, and have been studied in numerous works. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Cu-SSZ-13
catalysts (framework type CHA) have been found to be one of the most active and selective materials in NH 3 -SCR, 4, [21] [22] less prone to deactivation by hydrocarbon inhibition or thermal 4 hydrothermal stability and to reduce copper species clustering. 3 According to the literature, the valence state of copper active sites under ambient conditions is +II. 15 These sites were reported to be present as isolated Cu II and Cu II -OH (depending on the hydration conditions) 15, 26 with a preferential location in the plane of the 6MR, according to several spectroscopic studies employing X-ray diffraction (XRD), X-ray absorption (XAS), and UVVis spectroscopy. 3, [27] [28] [29] [30] [31] However, X-ray based techniques and Density Functional Theory (DFT) calculations provide contrasted results, with copper located not only in 6MR 27 but also in 8MR units of the SSZ-13 matrix. 16, [18] [19] [20] Finally, it was proposed that monomeric and / or dimeric Cu II are the active species in the SCR of NOx with ammonia on Cu-SSZ-13 catalysts. 4, 32 It was recently demonstrated that the formation of dimeric Cu II sites result from copper mobility occurring during the SCR with the ammonia addition process. 17 From DFT calculations using cluster models and periodic models, mobility of copper in its reduced Cu I exchanged zeolite valence state in the presence of NH 3 or H 2 O is predicted. 17, 33 Despite significant efforts in the past decade, in particular in terms of operando catalysts characterization, 3, 5, [16] [17] [19] [20] [34] [35] the relationships between zeolite composition, reaction conditions and active site location, as well as some aspects of the proposed SCR reaction mechanisms remain to be elucidated. 3 The first aspect to be unraveled in this context is the structure of copper during SCR reactions. Ammonia as well as water are present in the SCR gas mixture at various partial pressures. The oxidative (due to the presence of water and O 2 ) or reductive (due to the presence of ammonia or hydrocarbons) nature of the atmosphere, depending on the operating conditions, also influences the oxidation degree of copper (+I or +II). 5, [36] [37] Since the late 90's (first with small clusters, then with periodic models), DFT based calculations were brought to determine copper active site structures in metal cation-exchanged 5 zeolites, and recently for copper-exchanged chabazite. 4, [16] [17] 23, 34, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] A large set of studies concluded (or assumed) the better stability of Cu II located at the 6MR, with respect to 8MR, in the absence of adsorbates. 34, [42] [43] [44] X-ray absorption spectroscopy (XAS) is ideally suited to study transition metal based catalysts under realistic or operating conditions (gas composition, temperature, pressure etc.)
due to high penetrating power of X-rays which allows using sophisticated in situ cells. 52 X-ray absorption near edge structure (XANES) is sensitive to oxidation state and coordination environment (coordination numbers, nature of neighboring atoms, and coordination geometry), while extended X-ray absorption fine structure (EXAFS) allows assigning coordination number and distance to nearest neighbor atoms as well as approximating their atomic numbers. XAS, unlike X-ray diffraction, can be applied to study systems without longrange order and is one of the techniques of choice to characterize Cu sites in zeolite catalysts.
Previous studies have shown that Cu species in Cu-SSZ-13 zeolites are very mobile and can be located at 8MR, 32 6MR 36 or both at the same time, 16 while coordination numbers vary between 5 and 2 depending on temperature and gas atmosphere 36, 53 with the most strongly coordinating ligands being NH 3 and H 2 O. 35 Efficient application of Cu-SSZ-13 catalysts for NOx removal from mobile sources requires precise NH 3 dosage which, in turn, is possible only if the amount of NH 3 interacting with Cu sites is known. Previously, XANES spectroscopy demonstrated rapid changes in the coordination sphere of Cu-zeolite automotive catalysts during driving cycles 53 but the comprehensive mapping of the structure of Cu-sites under realistic conditions has not been performed so far.
The aim of the present study is to investigate the possible adsorption sites, to identify the most stable structures during experimental conditions and to quantify the capacity of Cu centers to adsorb variable loads of gaseous water and ammonia (nH 2 O+mNH 3 with (m+n≤ 6)). The present study considers the isolated Cu II ions exchanged-SSZ-13 as the active site. In 6 our computational modeling we included the two principal locations 6MR and 8MR for the Cu ions in the CHA framework in order to determine coordination numbers in combination with stability domains. The predictions are benchmarked against results obtained by in situ XAS performed on a Cu-SSZ-13 catalyst under reaction conditions relevant for the real-world applications and comparable to the ones studied by DFT. We consider these investigations as a first step to be tackled prior to deriving catalytic reaction mechanisms.
Experimental and methods

DFT calculations
Periodic Density Functional Theory (DFT) calculations were performed using a planewave method as implemented in the Vienna Ab initio Simulation Package (version 5.4.1).
54-55
The exchange-correlation functional was treated within the generalized gradient approximation (GGA) parameterized by Perdew, Burke and Ernzerhof 56 (PBE) and the electron-ion interaction was described by the projector augmented wave (PAW) scheme. 57 Van der Waals corrections as proposed within the Grimme formalism (D2) were applied. 58 We also carried out test calculations with the opt-PBE 59 non-local exchange-correlation functional, with deviation on adsorption energies between 5 and 20 kJ·mol -1 with respect to PBE-D2. Note also that Göltl et al. 46 showed that for water adsorption issues, the choice of PBE versus a hybrid functional (HSE06 in their case) has no significant effect on the thermodynamic diagrams, whereas the introduction of dispersion corrections has a significant effect. For these reasons, we chose to perform routine calculations at the PBE-D2 level.
The energy cutoff was set to 800 eV for the initial lattice parameters optimizations, then to 400 eV for all other investigations. A 1×2×2 k-point mesh was employed for the double rhombohedral cell modeled (see below). Gaussian smearing with σ = 0.02 eV was used. Spinpolarized calculations were performed. The criterion for the convergence of the self- velocity scaled molecular dynamics at 673 K (400°C), followed by quenches at 0 K (with the same parameters as other geometry optimizations). The time for each step was set to 1 fs, for 8 a total run of 1 -5 ps. Such an approach proved to be efficient for structure sampling of several kinds of systems. [63] [64] For the most stable optimized structures for a given stoichiometry (n adsorbed water molecules and m adsorbed ammonia molecules), and for a given initial configuration (copper in 6MR or 8MR), the cumulated adsorption energy Δ ads U (n,m) is given by equation 1, function of the energy of the zeolitic cells U zeo(n,m) containing n water molecules and m ammonia molecules, U water and U ammonia being the energies of the isolated water and ammonia molecules, respectively.
For each of these species, the Gibbs free energy was calculated according to the approach detailed in ref. [65] [66] by considering the rotational, translational, and vibrational degrees of freedom for gas-phase water and ammonia, and the vibrational degrees of freedom only for the zeolite models. Harmonic frequency calculations were performed on the optimized structures with the lowest energy values, using a finite-difference approximation, with a displacement of ± 0.02 Å around the equilibrium atomic positions. All atoms within the zeolite cell were then allowed to relax. These calculations lead to the evaluation of the Gibbs free energy of adsorption Δ ads G (n,m) . 
2.2.Catalyst synthesis
2.3.X-ray absorption spectroscopic studies
In situ XAS measurements around the Cu K edge (8979 eV) were performed at the SuperXAS beamline (SLS, Villigen, Switzerland) using a fast oscillating Si (111) channel-cut monochromator. 67 Quick XAS (QEXAFS) spectra were measured at a frequency of 10 Hz, all spectra collected in 1 minute were aligned and averaged for further analysis. A setup for transmission XAS with a heated quartz capillary microreactor (plug flow geometry, diameter 3 and Cu I species with and without ammonia in the coordination sphere, were extracted from the experimental dataset measured at P(NH 3 )=10 -3 bar using Multivariate
Curve Resolution -Alternating Least Squares method (MCR-ALS). [69] [70] This mathematical procedure used in chemometrics allows extraction of a priori unknown reference spectra from a set of spectra of mixtures with changing concentrations. Non-negativity constraint was applied to the matrix of reference spectra and unimodality constraint was applied to concentration profiles. The obtained reference spectra indeed demonstrated all the features of Cu I with and without directly adsorbed ammonia as previously described in refs. 16, 35 and were assigned correspondingly. MCR-ALS was required because high energy resolution data available in the literature cannot be used for fitting conventional XANES spectra due to differences in spectral resolution (the comparison between the used Cu I ·xNH 3 and Cu I reference spectra and the previously attributed HERFD-XANES spectra is available in the
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Supporting Information S1). Furthermore, the strategy of using the catalyst sample in question to obtain reference XANES spectra allows obtaining the best fits as was demonstrated by
Lamberti et al. 71 The total coordination number in the first shell around Cu sites (sum of N+O neighbors)
was estimated by analysis of EXAFS spectra. EXAFS spectra were background subtracted, normalized, k 1 -, k 2 -, and k 3 -weighted and Fourier transformed in the k range 2 -10 Å -1 using ATHENA. Finally, fitting in R-space was performed using ARTEMIS. 68 
RESULTS AND DISCUSSION
Models for Cu 2+ exchanged SSZ-13
In the present work, we choose to simulate Cu-SSZ-13 by cells containing only Cu II as charge-compensating cations, thus, with a constant Cu/Al ratio of 0.5. Several positions of aluminum and copper were investigated, with results provided in Supporting Information S2.
Two configurations were selected for copper in 6MR and 8MR, being the most stable configurations found for each MR (Figure 1 ). In the following, regarding the computational results, copper-ligand distances higher than 2.3 Å are not considered in the numbering of the bonds in which Cu II is involved.
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For copper in the 6MR, a distorted planar square environment was found ( Figure 1-(a) ), in agreement with previous computational findings, [43] [44] with the two aluminum in diametrically opposed positions within the same 6MR. For copper in 8MR, the most favorable configuration is found if aluminum substitutes second neighbors in terms of T sites. The copper ion is then three-fold coordinated, which is likely the origin of an enhanced reactivity, as it will be shown in the following. The most stable configuration corresponds to copper at 6MR, with an energy difference of 97 kJ·mol -1 with respect to the selected configuration where copper is at the 8MR, in agreement with many computational and experimental studies. 3, [27] [28] [29] [30] [31] 44 For a larger sampling of aluminum locations in the presence of water, the reader is referred to the work of Göltl et al. 46 In the present work, we do not aim at probing all theoretically possible aluminum positions. We rather put our effort on the investigation of the adsorption of variable amount of water and/or ammonia on the two representative sites, sampling all possible combinations in terms of amount of water and / or ammonia in the coordination shell of copper. 
Independent water or ammonia adsorption from DFT calculations
Next, the coordination of n water molecules (1 ≤ n ≤ 6) or m ammonia molecules (1 ≤ m ≤ 6) to copper was investigated (the most stable structures are reported in the Supporting Information S3). Regarding the 6MR site, the first adsorbed water / ammonia molecule coordinates on top of the copper atom. The coordination number is increased to 5, whereas the position of the copper atom is shifted upward, above the plane of the 6MR. Higher (in absolute value) adsorption energy ( Figure 2 ) is calculated for adsorption of ammonia than for water (-127 and -60 kJ·mol -1 respectively), in line with previous gas phase calculations. 73 This trend is followed and becomes more pronounced upon the increase of the number of water or ammonia molecules coordinated to copper in 6MR. The orders of magnitude of adsorption energies for water and ammonia are in agreement with the literature. 43 Starting from n = 6 or m = 3, the copper ion is strongly shifted above the plane of the 6MR with final loss of coordination to the framework. The ligands are in fact coordinated to copper up to n or m = 5, the 6 th molecule is ejected from the coordination sphere in the course of the optimization and is linked by H bonds to the first shell.
Note that we tried to optimize dissociated form of the water molecule at the 6MR site, for the adsorption of one water molecule, and all calculations led to the reformation of the dissociated O-H bond, and went back to a non-dissociated water molecule. We cannot exclude that such configurations can exist for other (n,m) values however.
Regarding Cu II initially close to 8MR, the adsorption energies are more negative than on the 6MR (-198 and -241 kJ·mol -1 for water and ammonia on 8MR, respectively), as expected from the lower initial coordination number of copper (3 instead of 4). Cu II then adopts a distorted square planar geometry, then the coordination number increases before disconnecting from the framework from n= 5 or m=4. Again, the interaction with ammonia is stronger than with water.
14 Bader charges on Cu II were calculated for each site and water/ammonia content ( Figure 2-(b) ). Without water nor ammonia, the charge of Cu II at the 8MR site is higher than at the 6MR site, and in both cases lower than two, consistent with the previous findings. 74 This difference between the two sites is again likely due to the lower coordination number of copper at the 8MR, leading to lower electronic density donated from the oxygen ligands. This strong difference is compensated right from the adsorption of the first ammonia molecule or the second water molecule. The charge is also higher in the presence of water rather than in the presence of ammonia, in line with previous results on the 6MR site. 34 This may be related to the respective positions of H 2 O and NH 3 in the spectrochemical series, with higher donor nature of ammonia with respect to water. Finally, increasing the water content leads to an increase of the charge, whereas increasing the ammonia content decreases it. In this way the framework oxygen can be localized in the spectrochemical series between water and ammonia. Note, however, that in all cases the Bader charge is substantially lower than +2.
Considering the differences in stability of the 6MR system and the 8MR one without adsorbates, revised cumulated adsorption energies were calculated. For this purpose, Cu at 6MR (the most stable one) without adsorbates was taken as a reference point. This shifts the data up by 97 kJ·mol -1 for 8MR (Supporting Information S4). Adsorption makes the two systems to be closer in energy than the initial systems without adsorbates, the 8MR system even becoming the most stable for some compositions (n = 3 for example). This confirms that the initial energy difference was mainly due to the threefold coordinated nature of Cu II in 8MR, which is increased to 4 as soon as it coordinates with the first water or ammonia ligand. This is also due to the fact that copper is dislodged from its exchange position for sufficiently high water or ammonia loading, rendering the considered systems quasi-equivalent. However, the two configurations need to be considered when copper is still attached to the framework. Note that the trends in the (P(H 2 O)), T) diagram for water adsorption in 6MR are comparable to the trends obtained by Göltl et al. 46 and by Paolucci et al. 43 In In the conditions chosen for the representation of Figure 4 , water initiates the dislodgment of copper from its exchange position for temperatures lower than about 340 K at the 6MR site, and below 300 K at the 8MR site. For ammonia, the dislodgment is more strongly dependent on the initial configuration of Cu II . For copper at the 6MR, mobility is to be expected below 600 K, but only below 400 K for Cu located at 8MR. However, for the last case, pronounced distortion relative to the 8MR plane is maintained up to about 600 K. The coordination numbers corresponding to the most stable structures found are reported in Figure 5 (coordination numbers and bond lengths are summarized in the Supporting Information S5). For the dehydration process ( Figure 5-(a) ), a two-step decrease of the 19 coordination number is expected, first at the 6MR site (close to 340 K, from 6 to 5) and then at the 8MR site (close to 660 K, from 4 to 3). With ammonia in the feed ( Figure 5-(b) ), in the experimental operating conditions of interest (up to 823 K), the total coordination number of Cu II is always 4. At the lowest temperature, the coordination sphere is composed of nitrogen only, and a gradual nitrogen (from ammonia) exchange by oxygen (from the zeolitic framework) takes place during temperature increase, which induces ammonia desorption and re-coordination of copper to the framework site. Here again, a more abrupt transition from a nitrogen-rich to an oxygen-rich coordination sphere, is found for 6MR in comparison with 8MR. Under these environmental conditions, the sharpest transition takes place close to 600 K. We are aware that the approximations made in the present work for the evaluation of the adsorption free energy (in particular, the entropic contributions) lead to uncertainties in the positions of the frontiers in the stability diagrams. As suggested previously, 34, 43, 75 the 
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Water and ammonia co-adsorption considered by DFT calculations
The same approach was chosen to model the co-adsorption of water (n molecules) and ammonia (m molecules), resulting in systems denoted (n,m), for n + m ≤ 6, for copper at both 6MR and 8MR. To the best of our knowledge, such a systematic study is not reported in the representing the most stable structure if NH 3 only is present, is still valid in this case.
Adsorption of water and ammonia identified by XANES
In situ X-ray absorption spectroscopy in terms of XANES and EXAFS was used to probe the interaction of Cu species with ammonia and water under relevant operating conditions of Cu-SSZ-13 SCR catalysts, in order to estimate the validity of the theoretical calculations. We exploited that XANES at the Cu K edge is very sensitive to the oxidation state and geometry of Cu complexes, especially if HERFD-XANES is regarded. 71, 77 This allows distinguishing between Cu II species with different coordination numbers, Cu I ·xNH 3 (species coordinated with ammonia), and Cu I species not coordinated with ammonia. The corresponding spectral features have been assigned in detail in the previous studies [35] [36] using HERFD-XANES and X-ray emission spectroscopy. The HERFD-XANES spectra reported earlier 35 together with the corresponding conventional XANES spectra used for data analysis in this work can be found in the Supporting Information S1. Prior to the in situ X-ray absorption measurements involving NH 3 , the as-received hydrated Cu-SSZ-13 catalyst was dehydrated in oxidizing atmosphere (10% O 2 in He) during heating to 823 K, similar to the procedure reported by Borfecchia et al. 16 The gas mixture was not additionally dried and contained approx. (c) 26 theoretical calculations. Hence, the stability of aqueous Cu II complexes in the zeolite matrix was evaluated in the dehydration gas mixture (without NH 3 ). Figure 8 -(a) reports XANES spectra of Cu II sites recorded during the dehydration experiment. The spectra can be attributed to Cu II sites with different geometries 16, [35] [36] but linear combination analysis in this case was not successful, possibly due to need to account for a mixture of co-existing species (Cu II in 6MR and 8MR) 16 each changing geometry at different temperatures. Hence, transformations of Cu species were followed qualitatively by following the energy shift of the rising edge at a normalized absorbance 0.2 ( Figure 9-(a) ) and a maximum of the white line (peak at approx. 9000 eV, Figure S6 ). Cu II site restructuring occurring at approx. 340 K and 673 K can be seen which can be attributed to water desorption from Cu II in 6MR and 8MR, respectively ( Figure   4 -(a)). The outlier datapoint at 338 K is not an artifact but indeed lies on top of a volcano as confirmed by evaluation of spectra recorded at 313 K and 343 K (not shown).
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After the dehydration experiment and the subsequent cooling down the gas feed was switched to He with only NH 3 or NH 3 and H 2 O. The gas feed contained no oxygen to prevent NH 3 oxidation reaction. The catalyst was kept for 10 min at 313 K after which continuous heating to 823 K started. Already at 313 K interaction with ammonia in the dry feed led to appearance of a prominent peak at the rising edge (8983 eV) in the XANES spectra ( Figure 8-(b) ). This edge feature has been previously assigned to 1s→4p transition in two-coordinated In order to quantify the states of Cu from the XANES spectra with NH 3 in the system linear combination analysis (LCA) using a priori known reference spectra was performed (Figure 9-(b) ). At elevated temperatures the fraction of Cu 43 and was shown to hardly depend on the oxidation state of Cu sites. Hence, the predicted temperature of complete NH 3 desorption does not strongly depend on the choice of Cu I or Cu II as a model site for the DFT calculations, and both models agree with the experimental observations.
Coordination numbers in the first coordination sphere of Cu sites identified by EXAFS
Fourier transformed (FT) EXAFS spectra obtained during heating the Cu-SSZ-13 in the different gas feeds are reported in Figure 10 -(a),(c),(e). Analysis of the EXAFS data allows obtaining average coordination numbers and bond distances (detailed structural information is 29 reported in Supporting Information S9). As reported earlier for Fe-and Cu-zeolite SCR catalysts, the first shell consisting of O or N atoms can be clearly observed. 5 Heating the Cu-SSZ-13 in all cases led to the decrease of the backscattering intensity due to decreasing coordination numbers. Results of EXAFS analysis are summarized in Tables S6-S8 and dynamics of the total coordination number (CN) in the first shell is shown in Figure 10 - 
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Introduction of NH 3 in the system significantly changed the corresponding EXAFS spectra. The backscattering intensity from the first coordination shell dropped down in the spectra measured in the presence of both NH 3 and H 2 O (Figure 10 -(e)), and even more significantly in the spectra measured in dry NH 3 below 523 K (Figure 10-(c) ). Above this temperature, as in the case of XANES spectra, no effect of water was observed. (f) 31 Without water in the feed the average CN was 3 already at the start of heating and it decreased to 2 at 523 K, after which it was stable ( Figure 10-(d) ). The initial CN of 3 agrees well with coexistence of 50% Cu II (CN = 4, in accordance with DFT analysis performed in this study ( Figure 5 ) and earlier analyses 43, 73 ) and 50% Cu I (for which CN = 2 is the most preferable coordination number from DFT, 73 and has been identified previously by XANES Hence, the coordination numbers retrieved from EXAFS during H 2 O/NH 3 desorption indicate an overall decrease of the number of NH 3 ligands, which is supported by the reported analysis of the XANES region ( Figure 9 ). However, the EXAFS region is also strongly sensitive to the oxidation state of Cu, and points at the redox behavior simultaneously with the adsorption- 
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